Abstract The seed germination niche partly determines adaptation, ecological breadth and geographic range in plant species. In temperate wetlands, environmental temperature is the chief regulator of germination timing, but the ecological significance of high and low temperatures during dormancy break and germination is still poorly understood. Our aim was to characterize the temperature dimension of the germination niche in mountain base-rich fens, determining (1) the effect of different temperatures on dormancy break and germination, and (2) whether different germination strategies may be identified at the species level. We conducted laboratory germination experiments with seeds of 15 species from these habitats, collected in 18 fen sites in the Cantabrian Mountains (Spain) for two consecutive years. In all the species, the seeds were totally or conditionally dormant at dispersal and stratification produced a significant increase of germination. In most cases, there was not an obligatory requirement for cold temperatures during dormancy break, since warm stratification promoted germination as well. Although the optimal germination thermoperiod was generally high (30/20°C), most species could also germinate at lower temperatures after cold-stratification. We also identified a group of species associated to cold-water springs that germinated only at low temperatures. Our results demonstrate that dormancy break in mountain base-rich fens does not obligatorily depend on cold temperatures during overwintering. Furthermore, germination at cool temperatures may be more widespread in wetland habitats than previously thought. The existence of two distinctive germination strategies, 'warm' and 'cool', can potentially give rise to divergent species responses to climate change.
Introduction
The range of conditions under which a seed may germinate is its germination niche, a key aspect of the plant regeneration niche (Grubb 1977 ) that determines adaptation, ecological breadth and geographic range in plant species (Donohue et al. 2010) . Among the various dimensions or factors that make up the germination niche, environmental temperature is of paramount importance, influencing both seed dormancy and germination (Fenner and Thompson 2005) . In general terms, seeds of a given species may germinate over a particular range of temperatures, with upper and lower thresholds beyond which no germination occurs. In many species, however, this seed germination range is in turn regulated by the environment through physiological dormancy (Baskin and Baskin 2004) , a seed characteristic that modifies the germination temperature thresholds (Baskin and Baskin 1998) and defines the environmental conditions that must be met before germination can occur (Finch-Savage and LeubnerMetzger 2006) . By means of these processes, environmental temperature controls germination timing and the environment experienced by subsequent life stages (Donohue 2005) . Germination timing is especially important in seasonal climates, where it is subjected to natural selection and also determines the action of natural selection in other life history traits (Donohue et al. 2005a, b, c) . Understanding the relationships between the germination niche and the environment is therefore crucial for assessing the adaptation of plants to their habitats, as well as the effect of the projected rise of world temperatures, which could potentially disrupt such relationships (Cochrane et al. 2011; Mondoni et al. 2012) .
In wetland habitats, the germination niche of emergent species (i.e., those rooted in water at least temporarily, but with stems and leaves permanently above the water table) is generally characterized by physiological dormancy and optimal germination at high temperatures ([25°C) while being prevented by low ones (\15°C) (reviewed in Baskin and Baskin 1998) . This 'warm germination' pattern was first described in the comparative studies of Grime et al. (1981) and Thompson and Grime (1983) , who noted a widespread requirement for fluctuating or unusually high temperatures in wetland species and explained it as a mechanism which detects the fall of the water table in spring, marking the beginning of the growing season. More recently, research has focused in wetland Carex L. species from Central Europe (Schütz 1997 (Schütz , 2000 Rave 1999, 2003) and North America (Budelsky and Galatowitsch 1999; Kettenring et al. 2006; Kettenring and Galatowitsch 2007a, b) confirming that they follow and exemplify the 'traditional' wetland germination pattern: conditional physiological dormancy at dispersal, a requirement for light and fluctuating temperatures, and a preference for high or unusually high (c. 30°C) germination temperatures. According to Baskin and Baskin (1998) , these characteristics would allow the seeds to lose their dormancy during the flooded winter season and germinate as soon as the water recedes. Such interpretation is mainly based on species living on habitats with seasonal hydrological regimes where the water table changes periodically (such as temporary ponds and lake margins) but there are less studies focused on other wetlands. It is still necessary to conduct multispecies research over the main plant communities that may be recognized in different wetland habitats.
Here, we study the germination niche in base-rich fens, a particular type of wetlands which occur in the temperate regions of the world (Hájek et al. 2006) . The water level in these fens depends only indirectly on precipitation and the soils remain water saturated throughout the year. Despite their high conservation concern (van Diggelen et al. 2006; Bergamini et al. 2009 ), the germination patterns of base-rich fen plant communities have been seldom studied, especially in mountainous regions where they are expected to be highly sensitive to global warming (Essl et al. 2012 ). To our knowledge, community-level assessments of germination have been exclusively conducted in lowland fen grasslands, semi-natural meadows created from natural fens as a consequence of traditional agriculture (Maas 1989; Patzelt et al. 2001; Jensen 2004) . Almost all the species tested in these studies had physiological dormancy, with a germination promoting effect of cold stratification. There is a caveat, however, to the interpretation of cold effects in dormancy loss: since only fresh versus cold-stratified seeds were tested, it is not possible to determine whether the dormancy loss required cold temperatures, or was produced simply by the longer wet incubation in comparison with the fresh seeds. In light of the importance it may have in determining the effect of climate change on plant regeneration (Walck et al. 2011; Ooi 2012) , the role of cold in dormancy loss should be more clearly assessed. Regarding germination temperature, Maas (1989) , and Patzelt et al. (2001) compared constant versus alternating thermoperiods and found an inhibitory effect of constant temperatures in germination. However, only cool to moderate thermoperiods (15/5, 22/12, 25/10 and 25/15°C) were tested, and therefore they did not address the effect of unusually high and alternating temperatures, which have been found to be optimal in most wetland species. Some species such as Primula farinosa L. (Patzelt et al. 2001) and Triglochin palustris L. (Jensen 2004 ) germinated well under relatively cool thermoperiods (15/5°C) but it remains to be seen if they can also germinate under the 'warm germination' pattern recognized in wetland habitats (and thus share a broader but overlapping germination niche) or they do not (and follow an alternative germination strategy). Comparing the germination response to a broad temperature range in different base-rich fen species is necessary to fully characterize the germination niche in these habitats.
The main aim of this work was to investigate the temperature dimension of the germination niche in mountain base-rich fens. We performed laboratory experiments with seeds of 15 species from these habitats to address the following specific questions: (1) How widespread is seed dormancy at dispersal and what role does cold temperature play during dormancy break? (2) What is the germination response to spring/ autumn, summer and unusually warm thermoperiods? (3) Is the germination niche in base-rich fens characterized by a common pattern, or may different germination strategies be identified at the species level?
Materials and methods

Study system
The study took place in the Cantabrian Mountains of north-western Spain (43812 0 N 5827 0 W), where baserich fens are relatively widespread and support most of the European specialist species of these habitats . We selected 18 sites ( Fig. 1 ) among those commonly referred in the literature as well-developed base-rich fen communities, encompassing their whole altitudinal gradient in the study area (710-1,870 m above sea level) and distributed along 140 km from west to east. To record soil temperature during the year, in June 2010 we placed three dataloggers (M-Log5W, GeoPrecision GmbH, Ettlingen, Germany) in three sites covering the entire altitude gradient, burying them 5 cm in the soil in a flat and central area. In the period from September 2010 to August 2011, day/night soil temperature (°C) ranged from 16/13 at the lowest site to 8/6 at the highest in autumn, 9/7-4/3 in winter, 13/11-9/6 in spring and 19/16-13/10 in summer.
The experiments included 15 species mainly restricted to base-rich fens and related habitats (mires with pH [ 6.5) in the study area (Table 1) , including some of the plant specialists recognized in similar communities of other European mountains (Bergamini et al. 2009 ). We collected seeds of the study species during the dispersal seasons (June-September) of 2010 and 2011. To take account of possible withinspecies variation, we carried out repeated collections of the same species in different sites and years (Table 1) , although in some cases one or both factors could not be replicated as a result of inadequate seed availability. Seed sampling regularly covered the entire area of occupancy of the species at a given site and included all the individuals bearing ripe seeds (i.e., fully matured fruits that could be easily detached from the mother plant). After collection, the fruits spent three weeks in our laboratory (c. 22°C, 50 % RH) to ensure homogeneous maturation; subsequently we cleaned the seeds and began the germination experiments.
Germination experiments
We conducted laboratory germination experiments on 1 % distilled water agar, held in Petri dishes sealed with parafilm to prevent desiccation (four dishes with 25 seeds each per experimental treatment). The experiments had a fully factorial design with two factors: pre-treatment and germination thermoperiod. To assess seed dormancy, the dishes were subjected to one of the following pre-treatments: (1) fresh; where seeds were incubated at the germination thermoperiods immediately after sowing; and (2) cold-stratification; where after sowing the seeds were kept at 3°C in darkness for 12 weeks prior to incubation at the germination thermoperiods. Additionally, in order to ascertain the role of cold during dormancy break, the seeds of the fresh pre-treatment that did not germinate during their first incubation at the germination thermoperiods were subjected to (3) warm stratification at 25°C in darkness for eight weeks; and then incubated for a second time at the same germination thermoperiods (the results for this pre-treatment included germination during the first incubation). To determine the germination response to temperature, we incubated the dishes for four weeks under three germination thermoperiods: 14/4°C (spring/autumn), 22/12°C (summer) and 30/20°C (unusual heat). The thermoperiods were programmed in growth chambers (Grow-S 360, Ing. Climas, Barcelona, Spain) and coupled with a 12 h-light/12 h-darkness photoperiod (c. 20 lmol m -2 s -1 during the light phase, provided by six Philips TLD30W/54-765 cool fluorescent tubes). During the incubations we counted and discarded germinated seeds weekly (radicle emergence was the criterion for germination) and after the experiments we opened the non-germinated seeds with a scalpel, classifying them as normal, empty and fungus infected. We excluded the empty and infected seeds from the calculation of germination percentages and the statistical analyses. Some treatments that lacked variance (i.e., germination = 0 or 100 %) had to be transformed (to germination = 1 or 99 %) so they could be included in the statistical tests.
Data analysis
We analyzed the effect of the experimental treatments on germination (separately for each species) by fitting Generalized Linear Mixed Models (GLMM, binomial error distribution, logit link function) with the experimental treatments as fixed factors and seed collection as a random factor. First, we fitted main effects GLMM with the three levels of thermoperiod and two levels of pre-treatment to establish if there were significant differences in seed germination between (1) fresh and cold-stratified seeds; (2) fresh and warmstratified seeds; (3) cold-and warm-stratified seeds. Afterwards, we performed pairwise GLMM comparisons within pre-treatments to determine (4) which germination thermoperiods produced significantly different results in the fresh and (5) in the coldstratified seeds. We fitted the GLMMs using SPSS (version 20.0, IBM, Armonk, New York, USA). Finally, to assess germination niche variability among the study species, we carried out a Principal Correspondence Analysis (PCA) using germination per collection as multivariate variables (mean germination values for fresh and cold-stratified seeds in the three germination thermoperiods). We computed the PCA using the correlation coefficient as implemented in the PAST software (Hammer et al. 2001) , and used the two main PCA axes to identify similar germination responses in the ordination space.
Results
Pre-treatments
The range of tested conditions was generally successful in promoting germination, as in 14 out of 15 species more than 85 % of the seeds germinated in at least one collection and treatment, the exception being C. somedanum. In C. somedanum, P. mixta and P. grandiflora the germination of the fresh seeds was zero or almost zero, while in the rest of the species significant fresh germination occurred in at least one of the germination thermoperiods (Fig. 2) . The GLMM (Table 2) confirmed that, taking into account the variation among seed collections, cold stratification had a significant effect on seed germination in all the species, producing a significant increase from fresh seed germination in at least one of the germination thermoperiods (Fig. 2) . Similarly, warm stratification produced a significant increase from fresh germination in most species, except for B. compressus, P. mixta and P. farinosa where it had no effect (Fig. 2) . Even so, in most of the species where both stratifications had a significant effect, this effect was not the same (Fig. 2) . In C. davalliana, C. diandra, C. echinata, C. lepidocarpa, P. palustris, P. grandiflora and S. perennis cold stratification produced significantly better results, with higher germination percentages and germination at more thermoperiods. Conversely, warm stratification produced significantly better results in C. pulicaris and J. alpino-articulatus. The effect of the two stratification types was not significantly different in C. somedanum and T. palustris. In E. latifolium the two stratifications were as well not significantly different, but in this case it was due to exceptionally high dark germination during warm stratification of the seeds from the 14/4°C thermoperiod, probably produced by the transfer to warmer temperatures (25°C). Excluding this artefact, cold stratification produced significantly (F = 311.556, p \ 0.001) better results in E. latifolium.
Germination thermoperiods
The germination thermoperiod that produced significantly (Table 3) better results was 30/20°C in most species (Fig. 2) ; although in C. echinata optimal germination extended also to 22/12°C. In C. pulicaris and J. alpino-articulatus the best results occurred at 22/12°C; and only in P. mixta was 14/4°C the optimal germination thermoperiod. P. grandiflora and C. somedanum germinated equally well at 22/12°C and 14/4°C, although in the latter species germination was relatively low (51 ± 7 %) indicating that either dormancy was not fully broken or that the optimal germination temperature was even lower.
Species ordination
The first two PCA axes (Fig. 3) accounted for 72 % of the total variance. The first axis (51 % of explained variation) showed a high positive correlation (r [ 0.6) with all the germination variables, and clearly separated the collections of three species (Group A) characterized by high germination ([85 %) at the three thermoperiods after cold stratification (Table 4) . On the other hand, differences along the second axis (21 % of explained variation) were mainly correlated with the germination of stratified seeds at 14/4°C (r = 0.6) and 30/20°C (r = -0.65). Such differences separate a main group of species having similar germination responses to high temperatures (Group B) from another five species (Group C) in which optimal germination occurred at cool or moderate temperatures (Table 4 ). In general, the collections from a same species showed a congruent distribution along the ordination axes, although two species (S. perennis and C. lepidocarpa) showed a relative higher variation.
Discussion
The germination niche in most of the species analyzed in this study is characterized by dormancy at dispersal and optimal germination at unusually high temperatures, as is generally the case in wetland species (Grime et al. 1981 ; Thompson and Grime 1983 ; Baskin and Baskin (Schütz and Rave 1999; Kettenring and Galatowitsch 2007b ) the requirement for cold temperatures during dormancy-breaking stratification is not obligatory but facultative in most of the cases (i.e. although cold improves germination percentages and broadens the germination temperature range, dormancy break occurs as well at warm temperatures, albeit at a slower rate). Second, unlike in a majority of wetland species (Baskin and Baskin 1998) , germination in mountain base-rich fens may also occur at relatively cool temperatures, which are more realistic in the permanently watersaturated soils of these habitats.
Seed dormancy
Since stratification improved seed germination in all our species, we can conclude that all of them have dormancy at dispersal, as has been found in most fen grassland species (Maas 1989; Patzelt et al. 2001; Jensen 2004) . Still, the degree and characteristics of dormancy vary greatly among them. In C. somedanum, P. mixta and P. grandiflora dormancy at dispersal is total as fresh germination is marginal across the entire germination temperature range. More frequently, the species show conditional dormancy (i.e., some fresh germination occurs in part of the germination temperature range; Baskin and Baskin 1998) . In all species, dormancy break produces both an increase in germination percentages and a broadening of the temperature range where significant germination takes place. In B. compressus, P. farinosa and P. mixta dormancy break occurs exclusively during cold stratification, and thus they have an obligatory requirement for cold per se. In most of the study species, however, the cold requirement is facultative because they also lose dormancy during warm stratification but the effect of cold is more intense. Our study shows that in these cases the main role of cold temperatures during dormancy break is to allow germination at autumn/spring temperatures, which would not produce germination had the temperature during stratification been warm. On the other hand, some species respond equally to warm and cold (T. palustris, C. somedanum) or even better to warm (C. pulicaris, J. alpino-articulatus) stratification and consequently they have not a requirement for cold per se. The species are classified according to the results of the PCA. The time of dispersal was calculated averaging all the collection dates. The predicted period when at least 50 % germination would occur in the field was estimated from the germination results assuming that 22/12°C (fresh seeds) represented the weather at dispersal in summer, 14/4°C (fresh seeds) dispersal in autumn, 14/4°C (coldstratified seeds) next spring, 22/12°C (cold-stratified seeds) next summer
Judging by the positive effect of stratification, the most probable type of seed dormancy in all of our species is physiological (sensu Baskin and Baskin 2004) . Nonetheless, as no embryo measurements were made, we cannot exclude a morphological component of dormancy (Baskin and Baskin 2005) . For example, found morphophysiological dormancy in C. somedanum, and it may be that more of our species share this kind of germination delay, especially the ones where warm stratification has the same or a better effect than cold.
Warm germination
In the majority of the study species, optimal germination occurs at unusually high temperatures (30/ 20°C). This 'warm germination' is characteristic of wetland species (Grime et al. 1981; Thompson and Grime 1983) and especially of the genus Carex (Schütz 2000) . However, according to the data collected by our dataloggers, such thermoperiod may be rather unusual in the soil of mountain base-rich fens. At least in the 2010-2011 season, soil temperature never attained so high values: 25°C were only exceeded for two days in the medium altitude site, while the temperature was always less than 22°C in the lowest and 18°C in the highest sites. Although temperature in the immediate surface can be potentially warmer in bright sunlight, the top layers of the fen are made up by bryophytes and the water flows drain the seeds into the deeper layers, permanently saturated by cold mountain spring waters which stabilize soil temperatures and keep them cool.
That being the case, values around 30°C will only be reached in extraordinary situations when parts of the fen become dried. In such a scenario, mortality of existing vegetation may follow, and thus gaps may appear for new individuals. As the 30/20°C temperature regime not only produces optimal germination in non dormant seeds (i.e., after stratification), but also triggers fresh seed germination in most of our species, it may serve as a gap detecting mechanism which quickly overrides seed dormancy and produces 'short term' germinative responses in certain extraordinary situations where high recruitment becomes favourable.
Even so, in regular conditions, soil temperatures will be more similar to our 22/12°C and especially 14/4°C thermoperiods. In this scenario, when no gaps occur as a consequence of episodes of soil drying, seeds will follow a 'long term' germinative path: after dispersal in autumn germination will be prevented by dormancy; the cold winter season will produce dormancy break; and seeds will germinate as temperatures become warmer in spring and summer. Patzelt et al. (2001) and Jensen (2004) already found germination at 15/5°C in some fen species, and it seems that the capacity to germinate at such thermoperiods is relatively widespread in mountain base rich fen species once dormancy is broken.
Specific germination strategies
The short term 'warm germination' response, however, is not uniformly shared by all mountain base-rich species. The species we included under groups A and B follow the traditional wetland 'warm germination' strategy. Although in both groups fresh germination occurs at 30/20°C and cold stratification produces a broadening of the germination niche towards cooler temperatures, in group A this broadening is significantly greater and so is the capacity to germinate at 14/4°C. As a consequence, the majority of seedling emergence in group A species is expected to take place shortly after dispersal or during the next spring, while most group B species would wait until the summer or even delay germination until the next year. Such differences may be related to the broader habitat specialization in group A species, since T. palustris can be found in both coastal and mountain marsh areas and C. echinata has a wider ecological range along the pH gradient of mountain fens (Hájek et al. 2006) . P. farinosa, on the other hand, is a plant specialist closely related to base-rich fens but has been characterized as having a restricted ability to colonize new sites (Hájek et al. 2011) . The broad germination niche we found in this species suggests that this restriction is not related to the germination stage of the regeneration cycle.
Species assigned to Group C clearly depart from the traditional wetland 'warm germination' pattern as their germination is reduced or even prevented by unusually high temperatures. These species also show differences in seed dormancy, as it includes species that either have total instead of conditional dormancy at dispersal, or which respond better to warm stratification. In the Iberian Peninsula, C. somedanum, J. alpino-articulatus and P. grandiflora are usually associated to mountain spring fens, which differ from flat fens in that they are more intensely influenced by the spring water and have steeper slopes (Jiménez-Alfaro et al. 2011) . In these particular fen habitats episodes of soil drying and heating are not expected; quite on the contrary, their temperature is kept stable and cool by the spring waters. In a previous work, we already defined C. somedanum as following a 'mountain spring' germination strategy , and it would seem that this type of germination behaviour is not uncommon in mountain spring fens.
Conclusions
The temperature dimension of the germination niche in mountain base-rich fens may embody two general strategies. The traditional wetland 'warm germination' strategy is characterized by a dual germinative path. 'Short-term' responses to high temperature override dormancy and may allow the species to detect gaps produced by episodes of soil drying. In the absence of such drying events, the 'long-term' path follows through conditional dormancy at dispersal, dormancy break during overwintering and spring/summer germination at lower temperatures. An alternative germination strategy is followed by a group of 'cool germination' species, mostly related to spring fen habitats. These species lack the 'short-term' response to soil heat and may germinate only at low temperatures.
In any case, the strategies here described are based on laboratory germination experiments and in situ measured temperature, and therefore their direct application to field conditions must be interpreted with care. It will be necessary to conduct field experiments to corroborate if the predicted emergence patterns are observed in nature. Additionally, it would be interesting to assess the potential effects of global warming on these germination strategies. Climate change is expected to alter the rate of dormancy loss and germination (Walck et al. 2011 ). In the case of base-rich fens, warming could differentially affect the regeneration of 'warm' and 'cool' germinators, producing an alteration of the vegetation composition and a subsequent detrimental effect on fen survival and conservation.
